RESEARCH
M olecular markers such as restriction fragment length polymorphism (RFLP), random amplifi ed polymorphic DNA (RAPD), amplifi ed fragment length polymorphism (AFLP), and simple sequence repeat (SSR) have been developed and used in cotton (Gossypium spp.) for constructing linkage maps, gene mapping, and genetic diversity detection (Abdalla et al., 2001; Gutierrez et al., 2002; Khan et al., 2000; Lacape et al., 2003; Liu et al., 2000b; Rong et al., 2004; Zhang et al., 2007 ). However, a low level of polymorphism has limited their use on a genomewide basis within upland cotton (G. hirsutum L.) (Iqbal et al., 2001; Liu et al., 2000b; Lu and Myers 2002) . Single nucleotide polymorphisms (SNPs), including single DNA base diff erences plus small insertions and deletions (i.e., indels), provide the most abundant DNA polymorphisms (Collins et al., 1998; Kruglyak 
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ABSTRACT
The lack of genetic diversity within cultivated upland cotton (Gossypium hirsutum L.) has hindered the construction of genomewide linkage maps and their applications in genetics and breeding. The objective of this investigation was to develop candidate gene markers for fi ber quality and yield on the basis of approximately 90 genes implicated in fi ber development. Polymorphisms using sequence-tagged site (STS) and single nucleotide polymorphism (SNP) markers based on single strand conformation polymorphism (SSCP) and cleaved amplifi ed polymorphism (CAP) were evaluated among three upland and fi ve Pima cotton (G. barbadense L.) genotypes. Of the 90 primer pairs, 75 resulted in polymerase chain reaction amplifi cations, including 11 that yielded polymorphic STS markers. Of the 48 primer pairs that produced polymorphic SSCP markers, 27 yielded interspecifi c polymorphism, while 15 yielded both inter-and intraspecifi c polymorphisms. Six pairs yielded only intraspecifi c polymorphisms.
A total of 18 SNPs, including four indels, were identifi ed in seven of the 15 fi ber gene fragments on the basis of direct DNA sequencing, and the average length was 350 bp, with a mean of 1.3 SNPs per fragment. The average rate of SNPs per nucleotide was 0.34%, and 0.31% and 0.41% in coding and noncoding regions, respectively. Eight of the 15 SNPs were interspecifi c and 78% were nucleotide substitutions, with the four indels contributing to interspecifi c polymorphism. Six selected SNPs were confi rmed by restriction enzyme digestion. The high level of SSCP polymorphism observed within a selected set of agronomically improved lines of upland cotton suggests that the use of SSCP will greatly facilitate genomewide mapping in upland cotton.
1997; Kwok et al., 1996) . The use of SNPs as molecular markers for characterizing allelic variation, quantitative trait loci (QTL) mapping, and marker-assisted selection has great potential. The frequency, nature, and genome mapping of SNPs in numerous plants such as Arabidopsis thaliana, maize (Zea mays L.), and soybean [Glycine max (L.) Merr.] have been reported (Batley et al., 2003; Ching et al., 2002; Kawabe and Miyashita 1999; Nordborg et al., 2002; Tenaillon et al., 2001; Zhu et al., 2003a) .
In cotton, the analysis of DNA sequence variation has been limited and mainly confi ned to single genes or DNA fragments, with the goal of defi ning evolutionary relationships of species (Cronn et al., 1996 (Cronn et al., , 2002b Small et al., 1999; Small and Wendel, 2002; Senchina et al., 2003) . In an early report on the 5S ribosomal DNA gene family, a mean of 12% of nucleotide positions were polymorphic among 16 diploid and 4 allopolyploid species of cotton (Cronn et al., 1996) . However, a subsequent study on two pairs of homeologous alcohol dehydrogenase gene loci (AdhA and AdhC) discovered a low level of nucleotide diversity in allotetraploid cotton (Small and Wendel, 2002; Small et al., 1999) . Cronn et al. (2002b) further analyzed a total of 18,358 bp of sequences from sixteen single-copy nuclear and chloroplast genes to construct phylogenetical relationships among diploid cotton genomes. A more comprehensive work by Senchina et al. (2003) extended the comparison to 48 nuclear genes (~40 kbp of sequences) among species including tetraploid cotton genomes. Rong et al. (2004) sequenced 5409 bp of sequence-tagged sites (STSs) in four tetraploid cotton genotypes and found that the rate of variation per nucleotide was 0.35% between G. hirsutum and G. barbadense species, and 0.14% and 0.37%, respectively, between genotypes within species. More recently, An et al. (2007) reported 2.35 and 3.99% SNP frequency in coding and noncoding regions, respectively, of the six genes comprising the expansin A gene family. However, most of these SNPs have not been developed into molecular markers for genetic mapping in cotton. With more than 370,000 expressed sequence tags (ESTs) currently available for three cotton species (http:// www.ncbi.nlm.nih.gov/sites/entrez?db = nucest&cmd = search&term = gossypium; verifi ed 26 June 2009), identifi cation of genomewide markers (including SNPs) and the development of high-throughput SNP detection methods are now feasible. However, the number of ESTs from several genotypes within upland cotton (G. hirsutum L.) is highly limited, impeding a comprehensive comparison for SNP identifi cation. There are a number of diff erent strategies to detect SNP markers, either gel-based, or non-gelbased high throughput (Henikoff and Comai, 2003; Kim and Misra, 2007) .
Increasing eff orts recently have been directed toward the study of preferentially expressed genes involved during fi ber development in cotton. A number of genes expressed at various levels in cotton fi ber tissues have been identifi ed, such as α-and β-tubulin, ATP-binding cassette transporter, lipid transfer protein, and expansin (Feng et al., 2004; Li et al., 2002 Li et al., , 2005 Liu et al., 2000a; Orford and Timmis, 2000; Whittaker and Triplett, 1999; Zhu et al., 2003b) . However, genetic variations in these genes and their relationships to fi ber traits are not well studied. Polymorphisms in fi ber genes will provide the basis to develop candidate gene markers for mapping fi ber-related QTLs. The objective of the current study was to survey DNA polymorphisms of about 90 genes that have been implicated in fi ber development (hereafter called fi ber genes) based on literature of numerous individual molecular studies. Sequencetagged site polymorphism was fi rst evaluated, followed by single strand conformation polymorphism (SSCP) analysis (Martins-Lopes et al., 2001) . We then selected 15 fi ber gene fragments to assess the frequency of SNPs in selected agronomically improved lines of tetraploid cotton. The results of this survey provide the fi rst glimpse into fi ber gene diversity in the cultivated tetraploid cotton.
MATERIALS AND METHODS

Plant Materials and DNA Isolation
Eight genotypes of cultivated tetraploid cotton were used, including three upland cotton (G. hirsutum L.) genotypes, TM-1, NM 24016, and Acala 1517-99, and fi ve G. barbadense genotypes, 3-79, PHY 76 Pima, Pima 32, SXP, and AMSAK. TM-1 is the genetic standard of upland cotton, developed from repeated selfi ng from DP 14 (Kohel et al., 1970) ; NM 24016 is one of the most diverse germplasm lines in upland cotton (Acala type) and contains substantial genetic introgression from G. barbadense (Cantrell and Davis, 2000) . Acala 1517-99 is an Acala cotton cultivar, released by New Mexico State University , and is genetically dissimilar from other commercial cotton cultivars (Zhang et al., 2005a,b) . Genotypes 3-79, Pima 32, SXP, and AMSAK predate the modern hybrid pool of Pima cotton and therefore represent "pure" G. barbadense. 3-79 is the genetic standard for G. barbadense, while the Pima cultivar PHY 76 is derived from a complex hybrid pool, which included G. hirsutum introgression (Smith et al., 1999; . These genotypes were uniform in phenotypes and were considered genetically homozygous since they were maintained by selfi ng. The fi ve genotypes TM-1, NM 24016, 3-79, Acala 1517-99, and PHY 76 have been used as parental lines for developing mapping populations in our laboratory (Lu et al., 2004; Zhang et al., 2005c; Lu et al., 2008; Zhang and Percy, 2008) . To distinguish homologous SNP loci from homeologs in the disomic tetraploid cotton, their likely ancestral diploid species (Wendel and Cronn, 2002) , G. herbaceum (A 1 -genome) and G. raimondii (D 5 -genome), were also included in this assay. For this study, genomic DNA was isolated from young leaves on the basis of the cTAB method (Zhang and Stewart 2000) .
Fiber Gene Primers
A total of 93 pairs of primers were tested, almost all of which were originally designed for molecular studies including reverse two diploid cotton species using the above-mentioned conditions. The PCR products were separated on the agarose gel and excised from the gel with a minimized exposure under ultraviolet light.
The PCR products from agarose gels were purifi ed using genPure Gel Purifi cation Kit (Genetix USA, Boston, MA) following the manufacturer's protocol. The purifi ed DNA was directly sequenced using forward primers with ABI Prism BigDye Terminator Cycle Sequencing Kit v3.1 (Applied Biosystems). All reactions used approximately 100 ng of PCR product and 20 pmol of sequencing primer. Sequences were resolved using an ABI 3100 automated sequencer, and sequences were automatically base-called using 3100 genetic analyzer data collection software v2.0 (Applied Biosystems)
Identifi cation of Single Nucleotide Polymorphisms
The sequences were aligned using ChromasPro v1.2 software (http://www. technelysium.com.au; verifi ed 26 June 2009) and the resulting alignments were adjusted manually. The redundant or ambiguous base call was visually inspected to determine if it was a result of SNP or what appeared as "heterozygotes" for the position. The "heterozygous" sites were not considered for SNPs because they could be the result of residual heterozygosity of the genotypes used or the contribution from duplicate homeologous A and D subgenomes in the tetraploid cotton. The sequence data were BLAST searched for their homologous sequences in GeneBank. The coding and noncoding regions of each gene fragment were defi ned on the basis of the published sequence data and used in further data analysis.
Confi rmation of Single Nucleotide Polymorphisms by Restriction Enzyme Digestion and Segregation Analysis
On the basis of sequence diff erences, restriction enzymes Bgl II, Hpa II, Rsa I, and Hae III (New England Biolabs) were used to digest PCR fragments amplifi ed by primer pairs GhTUA5, GhFSltp1, GhACT, and GhEX1, respectively. An aliquot of 15 μL PCR product was incubated with 10 units of respective restriction enzyme and 1X reaction buff er for 3 h at 37°C. The digested solution was separated on a 1.5% agarose gel.
RESULTS AND DISCUSSION
Survey of Fiber Genes for SequenceTagged Site Marker Polymorphism
The reported fi ber genes that were surveyed for polymorphisms in this study include a number of diff erent gene families, such as MYB (7), expansins (11), tubulins (12), annexins (3), cellulose synthases (6), lipid transfer proteins (10), proline-rich proteins (3), and GTP-binding proteins (3). Of the 90 pairs of primers for about 90 fi ber genes, 15 primer pairs failed to produce any PCR products. This success rate (83.3%) is higher than previous reports Guo et al., 2007) . Failure of PCR amplifi cation from some primers designed from cDNAs without introns was not unexpected owing possibly to (1) intron transcription-polymerase chain reaction (RT-PCR) by their respective researchers (see Supplementary Table S1 for a complete list of primers and references). Given that most of the genes studied here belong to various gene families, primers have been designed from their unique sequence regions to minimize the chance of amplifying other members of the same gene family (e.g., paralogous or homeologous loci).
Sequence-Tagged Site Marker Analysis
For polymerase chain reaction (PCR) amplifi cations, DNA from TM-1, NM 24016, Acala 1517-99, and 3-79 were used. The PCR reactions (one amplicon for each gene) for the STS markers were performed in a 25 μL reaction with the following concentrations: 10 ng of genomic DNA template, 2.5 mM MgCl 2 , 0.15 μM forward and reverse primers, 50 μM dNTPs, 1X PCR Gold buff er, and 0.8 units of Taq Gold DNA polymerase (Applied Biosystems, Foster City, CA). Polymerase chain reaction cycling conditions were 5 min of denaturation at 95°C, followed by 30 cycles of 15 sec denaturation at 93°C, 30 sec annealing at 55°C, and 1 min extension at 72°C, with a fi nal extension of 7 min at 72°C after the last cycle on a PE 9700 Thermocycler (Applied Biosystems). 1.5% agarose gel electrophoresis (at 80 to 100 V for 3 to 4 h) and ethidium bromide staining were used for observation of the PCR products and 100 bp DNA ladders (New England Biolabs, Ipswich, MA) under ultraviolet light.
Single Strand Conformation Polymorphism Markers and Cluster Analysis
Polymerase chain reactions were performed in a volume of 10 μL, consisting of 0.15 μM of each primer, 2.5 mM MgCl 2 , 1X buff er, 200 μM dNTPs, and 0.5 unit of Taq Gold DNA polymerase (Applied Biosystems). The PCR cycling conditions were the same as for STS markers mentioned above. Four μL of PCR products were mixed with 6 μL SSCP loading dye, comprised of 95% (v/v) formamide, 10 mM NaOH, and 6X gel loading buff er. After denaturation at 95°C for 5 min, the samples were placed on ice and loaded on an 8.1% polyacrylamide gel for electrophoresis at a constant 15W for 4 h at room temperature. The DNA fragments in the gels were observed using a silver staining protocol (Caetano-Anollés and Gresshoff , 1994) and scored as categorical data (i.e., presence [1] and absence [0] ) to form a data matrix for the eight genotypes. To estimate the genetic similarities among the four genotypes, Jaccard's coeffi cients were computed for the construction of a dendrogram on the basis of the unweighted pair group method of arithmetic means using the Numerical Taxonomy System software, NTSYSpc, Version 2.1 (Exeter Software, Setauket, NY).
Amplifi cation and Sequencing
On the basis of STS and SSCP analysis, 15 primer pairs (one primer pair for each gene) were selected (Feng et al., 2004; Li et al., 2002 Li et al., , 2005 Liu et al., 2000a; Orford and Timmis, 2000; Whittaker and Triplett, 1999; Zhu et al., 2003b) , including seven pairs that did not generate polymorphic SSCP markers and eight pairs that produced SSCP polymorphism. These primer pairs each produced single STS products of the same size on a 1.5% agarose gel from the eight genotypes and/or disruption of priming on genomic DNA or (2) separation of exons by intron(s) that make amplifi cation diffi cult or impossible because of length limitation of PCR products by Taq polymerase, among others. Of the 75 primer pairs (FG 45 and 78 are the same but from two publications) that yielded positive amplifi cation products, 11 (14.5%) gave polymorphic bands among the four genotypes (TM-1, Acala 1517-99, NM 24016, and 3-79) of the two cultivated tetraploid cotton species. These primers are FG 10, 26, 28, 29, 33, 43, 45/78, 49, 52, 67 , and 76, involving expansin, proline-rich protein, Germin-like protein, glycosylated polypeptide, PEPCase, cellulose synthase, E6, annexin, lipid transfer protein, and fi ber gene FbI2A. In ongoing research, these polymorphic markers were tested in a recombinant inbred line (RIL) population of 70 lines derived from a cross between NM 24016 and 3-79. As with other markers (Lu et al., 2008) , segregation of six fi ber gene markers violated the expected 1:1 ratio.
Survey of Fiber Genes for Single Strand Conformation Polymorphism Marker Polymorphisms
Single strand conformation polymorphism was used to study gene expressions in cotton on the basis of RT-PCR (Adams et al., 2003 ). To increase the polymorphism level from the selected set of fi ber gene primers, SSCP marker techniques were employed to screen the four cotton genotypes of the study (see Supplementary Table S2 for a complete list). Of the 75 primer pairs that resulted in PCR products, 27 (36.8%) did not yield any SSCP polymorphism. Of the remaining 48 primer pairs that produced polymorphic SSCP markers, 10 also produced polymorphic STS markers, and 38 pairs did not yield polymorphic STS markers. Further analysis revealed that, of the 48 primer pairs that produced polymorphic SSCP markers, 27 pairs yielded interspecifi c polymorphism between the selected lines of pland and Pima cotton used in the study, while 15 pairs yielded both inter-and intraspecifi c polymorphisms and six pairs detected intraspecifi c polymorphism between TM-1 and Acala 1517-99 within upland cotton. The polymorphism between these two divergent genotypes of upland cotton suggests that SSCP markers can detect high levels of genetic diversity within upland cotton (Zhang et al., 2005a,b) . Therefore, SSCP analysis more effi ciently detected intraspecifi c polymorphism between diverse upland cotton genotypes. The high level of SSCP polymorphism (21/75, i.e., 28%) within a selected set of agronomically improved lines of upland cotton suggests that the use of SSCP will greatly facilitate genomewide mapping in this species.
Single strand conformation polymorphism markers amplifi ed by the 75 fi ber gene primer pairs were used to calculate genetic similarity using Jaccard's coeffi cient for the four cotton genotypes (Table 1) . As expected, the genetic similarities between 3 and 79 and the three upland cotton genotypes were low (0.2 to 0.3), while the three upland cotton genotypes had higher similarity (0.5 to 0.6). It should be pointed out that similarities were underestimated, because to simplify the scoring, multiple alleles of various sizes amplifi ed by each primer pair were treated as independent loci. On the basis of the dendrogram (Fig.  1) , TM-1 and Acala 1517-99 were grouped fi rst because of the highest genetic similarity. NM 24016 was not grouped with TM-1 and Acala 1517-99, refl ecting a relatively higher genetic distance from these two upland cotton genotypes. NM 24016 was then joined with TM-1 and Acala 1517-99 to form the upland cotton group. As expected, Pima cotton 3-79 formed a separate group.
Polymerase Chain Reaction Amplifi cation, Sequencing, and Single Nucleotide Polymorphism Subgenome Assignment
To maximize the polymorphism of the fi ber genes, 15 primer pairs, including seven that did not produce polymorphic SSCP markers, were chosen for PCR and direct sequencing. The amplifi ed genes included seven from the tubulin gene family, fi ve from the lipid transfer protein gene family, and one each for actin, expansin, and ATP-binding cassette (ABC) transporter 1 (WBC 1). The sequences had 97 to 100% identity to the reported sequences in GenBank. The selected fi ber gene primers generated a single PCR band of 250 to 660 bp among the eight tetraploid cotton genotypes. Nine primer pairs targeting α-tubulin, β-tubulin, actin, and expansin genes also amplifi ed fragments of the same size from the two ancestral diploid cotton species, G. herbaceum (A 1 -genome) and G. raimondii (D 5 -genome). Therefore, the subgenome localization is unclear for these fragments owing only to PCR amplifi cations. However, the subgenome assignments for genes encoding the fi ve lipid transfer proteins can be made with a high certainty since the primers only produced a single PCR fragment for either G. herbaceum or G. raimondii (Table 2 ). For example, primers FG 57, 58, and 59 only amplifi ed a single fragment each in the tetraploid cotton and the diploid G. raimondii but did not have any amplifi cation in G. herbaceum; therefore, the genes are considered to be located on the D subgenome. As a comparison, primers FG 56 and 60 only amplifi ed a unique fragment each in the tetraploid cotton and the diploid G. herbaceum but not in G. raimondii; therefore, the genes are tentatively assigned to the A subgenome. However, it should be pointed out that false positives or negatives in PCR amplifi cations may complicate the subgenome localizations using the current approach. The chromosomal locations of the SNPs or SSCP markers should be validated using monosomic or chromosome substitution lines and further mapped using segregating (such as RIL) populations on the basis of chromosome-anchored SSR markers. On the basis of sequence identities to those from G. raimondii (see Table 3 ), genes for tubulin 1 (Tub1), actin 3 (ACT3), and ATP-binding cassette (ABC) transporter 1 (WBC1) were all assigned to the D-subgenome.
Nature, Position, and Frequency of Single Nucleotide Polymorphisms in Selected Fiber Genes
A total of 18 SNPs were identifi ed in seven of the 15 fi ber gene fragments (see Supplementary Fig. S1 ), of which 14 (78%) were nucleotide substitutions and four (22%) were indels. This covered a total length of 5278 bp of aligned sequences (Table 2) , with an average length per fragment of 370 bp (ranging from 108 bp for α-tubulin to 537 bp for WBC) and a mean of 1.32 SNPs per fragment. There was no sequence variation among the eight genotypes for eight gene fragments amplifi ed by FG 22, 23, 24, 56, 57, 59, 60 , and 74 in a total of 2668 bp sequences (38% of the total length compared). While only one to two SNPs were identifi ed in each of the fi ve other gene fragments, GhACT and GhEX1 contained four and seven SNPs, respectively. This suggests an uneven distribution of SNP sequence variation in this selected sample of gene fragments (i.e., SNP occurrence varies in fi ber genes) with a range of 0.17 to 3.72% in the seven fragments totaling 4372 bp (62% of the total length) of sequences ( Table 2 ). The genes for expansin displayed high frequencies of SNPs (3.72%), which agrees with the results by , who reported that the expansin A gene family of six genes had average SNPs of 2.35 and 3.99% in coding and noncoding regions, respectively. Actin also had a high SNP rate (1.01%), while the combined data for lipid transfer protein genes had a SNP frequency as low as 0.05%. The average rate of SNPs per nucleotide was 0.36%, and 0.33 and 0.41% in coding and noncoding regions, respectively. The level of variation between the small sets representing the species (G. hirsutum vs. G. barbadense) in this study was much lower (0.15%) than that (0.35%) reported by Rong et al. (2004) , probably owing to the small and unrepresentative set size but also to only 15 fi ber gene fragments being sampled, which may have been more highly conserved than other genes. The SNPs were further divided into intraspecifi c and interspecifi c categories among the selected upland cotton (G. hirsutum) and Pima cotton (G. barbadense) genotypes of the study. Almost half the SNPs were interspecifi c, while the remaining half was distributed in the two cotton species. Compared to base changes, indels largely contribute to interspecifi c polymorphism. In fact, the four interspecifi c indels were found in a coding region of expansin gene, GhEX1 (Supplementary Fig. S1 and Table 3 ). Interestingly, two deletions and two insertions in the gene sequence of the selected upland cotton genotypes resulted in the total length of the coding region being the same as that in the selected G. barbadense genotypes of the study. The fi ber gene fragments containing interspecifi c SNPs in GhTUA1, GhACT, and GhEX1 might have contributed to species diff erences. Results indicating that the selected G. hirsutum and G. barbadense genotypes used in the study have similar frequencies of SNPs are not congruent with the diff ering SNP frequencies between species reported by Rong et al. (2004) . However, the fi nding that 78% of the SNPs in the selected fi ber genes were substitutions agreed with the results of Rong et al. (2004) who reported that 86% of their cotton SNPs were substitutions. Of the 12 single-base changes, four, fi ve, and three were detected in the fi rst, second, and third codon positions, respectively (data not shown). A total of eight were synonymous (no alteration in amino acid), while four were nonsynonymous (i.e., amino acid replacement) SNPs. The two single-base insertions and two single-base deletions in an expansin (GhEX1) gene of G. barbadense genotypes were predicted to result in two alterations in six amino acids and 10 amino acids, respectively (data not shown).
Genetic Distances between Eight Genotypes on the Basis of Single Nucleotide Polymorphisms
On the basis of the limited SNP marker information, the average genetic distance (GD) between the selected genotypes of diff erent species in this study was 0.00178 (with a range from 0.00152 to 0.00203) and was much higher than the average distances between genotypes within species (0.00042 and 0.00047 for G. hirsutum and G. barbadense, respectively). In the upland cotton group, the two Acala genotypes (1517-99 and NM 24016) were closer to each other (0.00013) than to TM-1 (GD = 0.00051 and 0.00063, respectively). This is consistent with our previous studies using SSR and AFLP-based markers (Zhang et al., 2005a,b; but incongruent with the SSCP results shown earlier in the present study. NM 24016 is an Acala germplasm line with interspecifi c introgression from a cross between upland cotton and G. barbadense and presumably contained genes from both species. The SNP analysis revealed a 3:1 ratio of upland cotton TM-1 type to Pima cotton 3-79 type in this introgressed germplasm, suggesting the predominant presence of upland cotton genetic background. This is consistent with our SSCP marker analysis and supported by the fact that this breeding line was morphologically characterized as an upland cotton type.
Genetic distances between genotypes within the G. barbadense group were much smaller, with Pima 32 and SXP displaying the smallest distance (0.00013). The small distance between SXP and Pima 32 is not surprising, since Pima 32 derived from the cross SXP/Pima//Giza 7. Commercial Pima cotton cultivar PHY 76 displayed equally large genetic distances with 3-79 and Pima 32 (0.00063). The larger genetic distances between PHY 76 and Pima 32, 3-79, and SXP may refl ect the fact that 3-79, Pima 32, and SXP are closely related, share parentage, and all originated before the creation of the complex hybrid pool from which PHY 76 ultimately derives.
Confi rmation of Single Nucleotide Polymorphisms by Restriction Enzyme Digestion
Six of the 18 SNPs were recognized by seven restriction enzymes (Table 3 ). The restriction digestion of PCR products using enzymes specifi cally for SNP sites generated polymorphic pattern on the agarose gel, as expected (see Fig. 2 for an example), which confi rmed the identifi ed SNPs. The enzymes BgI II and Hpa II distinguished TM-1 from other seven genotypes in GhTUA5, PHY 76 from others in GhFSltp1, respectively. For the fragment GhACT, Rsa I generated three haplotypes by two restriction sites for the eight tetraploid cotton genotypes.
One interspecifi c SNP site in GhEX1 produced two haplotypes after digestion with Hae III. Segregation data in the RIL population of NM 24016 × 3-79 confi rmed that these SNPs segregated, as expected (data not shown).
Diffi culties in Direct Sequencing
In the current study, amplifi cation of a single fragment was confi rmed for most of the fi ber genes to be gene specifi c. Since eight gene fragments did not display any SNPs, whether they have homologous genes or are amplifi ed from multiple genes does not change the outcome. Another three gene fragments had only one SNP each, indicating that they are on either A or D subgenome. It is also likely that the same SNP may be detected from both subgenomes. Only mapping will resolve this issue. Nevertheless, on the basis of a comparative PCR analysis with the two ancestral A 1 and D 5 species, the subgenome locations for six of the 11 gene fragments were determined ( Table 2) . As for the remaining four gene fragments with more than one SNP, the subgenome locations for FG 74 and FG 75 were also determined using the similar strategy. For FG 25 and FG 90, gene specifi city of the designed primers was tested by performing BLASTN search against cotton DNA/EST sequences in GenBank. The two primers for FG 25 had perfect matches to ESTs from both upland cotton and diploid G. arboreum (A 2 ), a species closest to one of the ancestral species A 1 , while only the reverse primer had a perfect match to ESTs from D 5 . For FG 90, both primers had perfect matches to ESTs from upland cotton, while the reverse primer also had a perfect match to Pima cotton and A 2 ESTs. Thus, the BLASTN search results indicate that these two genes are most likely from the A subgenome. Nevertheless, our work in direct DNA sequencing of genes from a tetraploid without cloning encountered some common problems, such as diffi culty in reading the fi rst 50 to 100 nucleotides from primers, and more than one nucleotide in some positions from the same PCR reaction amplifi ed from the same genotype. During sequence analysis, the low-quality sequences were manually removed; and sequences with ambiguous nucleotides in multiple positions (possible from paralogous or homeologous loci) from other genes (e.g., cellulose synthase) were excluded in the present study. Single nucleotide polymorphism discovery mainly was performed via resequencing of STSs, which can be designed from the large amount of cotton EST sequence data. However, the amplifi cation of multiple loci in tetraploid cotton caused the conversion of primer sets into STSs to fail to a great extent. Studies in the cotton genome suggest the occurrence of duplication events in tetraploid cotton. Direct PCR sequencing used in this study is only feasible for single copy genes or partial genes distinguishable between A-and D-subgenome of tetraploid cotton. Cotton genome duplication will no doubt reduce the effi ciency and increase the cost of SNP discovery. Due to residual heterozygosity and heterogeneity, heterogeneous distributions of SNPs were observed in cotton fi ber genes, a situation that is not unique to cotton. Similar evidence of wide diff erences in nucleotide diversity of genes and gene fragments has been reported in soybean (Zhu et al., 2003a) , maize (Tenaillon et al., 2001) , Arabidopsis (Olsen et al., 2002) , D. melanogaster (Moriyama and Powell, 1996) , and humans (Cargill et al., 1999; Halushka et al., 1999) . Heterogeneity of nucleotide diversity is another factor contributing to the reduced success rate of SNP discovery. Furthermore, PCR-mediated recombination in amplifying products from homologous genes is common in tetraploid cotton (Cronn et al., 2002a) , further complicating the validity and robustness of PCRbased direct DNA sequencing for SNP identifi cation.
The publicly accessible cotton ESTs have been used to develop SSR markers and microarray platforms (Arpat et al., 2004; Guo et al., 2007; Udall et al., 2007) . However, less eff ort has been directed to developing other marker systems . Polymorphism of fi ber genes can be assessed using various gel-based marker techniques such as SSRs. However, only approximately 3% of cotton ESTs contain microsatellites (Guo et al., 2007) . Therefore, for a majority of the cotton ESTs, including fi ber genes, other marker systems have to be exploited. Our present study has presented convincing evidence that SSCP analysis is a very promising alternative to SSR markers in cotton. Although SSCP does not reveal all SNPs owing to its lower resolution than DNA sequencing and SNP typing, our survey demonstrates that 64% of the fi ber genes displayed SSCP polymorphism, which is signifi cantly higher than SSR polymorphism.
The fi ber genes studied here were from almost all the individual molecular studies reported before 2005. Since then, a considerable number of papers have been published with regard to gene expression changes during fi ber development . More recently, comparative microarray analyses have considerably extended the list of genes that are diff erentially regulated (Hinchliff e et al., 2005; Alabady et al., 2008; Chaudhary et al., 2008) . These genes have become an important resource for development of candidate gene markers on the basis of SSCP or other high-throughput systems. Mapping of polymorphic markers in expressed genes involved in fi ber development such as we have described here will facilitate the discovery of candidate genes to associate with QTL.
